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ABSTRACT 

Progress t o  data a t  the Lewis Research Center is 
reported in  two areas, new techniques for  turbine an- 
a lysis  and experimental investigations of turbine per- 
formance. Radial-flow turbines were investigated for  
effects of size, Reynolds number, and specific speed on 
efficiency and flow. Results indicate that turbines 
for  wide ranges o f  operating variables may be designed 
with a reasonable certainty of achieving high efficien- 
CY. 

Thirteen NASA publications are l i s ted .  

IWI’ROWCTION 

Interest  i n  Brayton Cycle space power systems re- 
sulted i n  a technology programs at  the L e w i s  Research 
Center, beginning in  1962. To date, t h i s  program has 
included cycle studies, system operation studies, and 
component investigations. References 1 and 2 examine 
cycle variables, such as  temperature, pressure, and 
component efficiency, for  the i r  effects  on system per- 
formance. These studies led t o  the selection of opti- 
mum temperature and pressure rat ios  from the stand- 
point of system size relat ive t o  e lec t r ica l  output. 
Subsequently,* a reference two-shaft 10-kilowatt system 
was established t o  define individual components for  
further study. In  t h i s  system, the turbine-compressor 
shaft rotates a t  a much higher ra te  than the turboal- 
ternator shaft. References 3 and 4 describe analog and 
experimental operation of closed-loop systems. 

The third technology area has included the devel- 
opment of some new analytical  techniques for  turbine 
design as  well as extensive experimental investigations 
of turbomachinery designed for  the reference 10- 
kilowatt system. The objectives of t h i s  e f for t  includ- 
ed the improvement of component performance and the de- 
termination of component size and type best  suited t o  
various applications. A 6.02-inch radial  turbine was 
designed t o  drive the compressor of the reference sys- 
tem. This s ize  resulted from consideration of system 
pressure and its influence on s ize  and performance of 
the various heat-transfer and rotating components. Two 
scale models were b u i l t  t o  examine the effects  o f  scal-  
ing and Reynolds number. 
c e n t r i w l  compressor. 

Other hardware included a 

This paper reviews the analytical  turbine work and 
the major results of the experimental turbine programs. 
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isentropic specific work based on total-pressure 

rat io ,  (ft) ( lb)  /lb 

turbine blade height 

ideal turbine work based on in l e t  t o t a l  pres- 

sure and ex i t  s t a t i c  preseure 

ideal turbine work based on in l e t  t o t a l  pres- 

sure and ex i t  t o t a l  pressure 

turbine rotative speed, rpm 

specific speed, (ma) /H3/*), rpm ft3l4/sec1I2 

volume flow (based on ex i t  conditions), ft3/sec 

Reynolds number, w / p t  
rotor t i p  radius, f t  

turbine-exit mean-blade speed 

meridional absolute gas velocity 

mass flow rate, lb/sec 

stator-exit  flow angle, demees from meridional 

plane 

s t a t i c  efficiency (based on total-  t o  s ta t ic -  

pressure rat io  across turbine) 

t o t a l  efficiency (based on to ta l -  t o  total-  

pressure ra t io  across turbine) 

dynamic gas viscosity (based on in l e t  condi- 

t ions) , lb/( ft) (sec) 

blade-jet speed ra t io  (based on rotor i n l e t  t i p  

speed) 

Subscripts : 

ref reference 

REFEaENcE SYSTEM 

Studies of cycle performance led t o  the selection 
of optimum temperature and pressure ra t ios  and levels 
in v i e w  of current technology l i m i t s  i n  materials and 
component performance. 
ed t o  establish a reference power-generation system 
upon which experimental programs could be based. 
ure 1 shows a schematic diagram of the reference sys- 
tem used for  component investigations t o  date. It is 
a two-shaft solar-powered unit  with argon as the work- 
ing fluid.  
the compressor-drive uni t  and 1.26 for  the alternator- 
drive unit, and the compressor ra t io  is 2.3. The cycle 
output is 10 kilowatts i n  shaft power t o  the alternator. 

These conditions w e r e  then us- 

Fig- 

The turbine pressure ra t ios  are  1.56 for  
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Considerations of turbomachinery size and heat-transfer 
component effectiveness led to a compressor inlet pres- 

. sure of 6.0 psia. 

Turbomachinery efficiencies were varied in the 
cycle studies so that their influence on cycle perfor- 

nent efficiency in the reference system is shown in 
figure 2, where cycle efficiency is presented as a 
function of compressor efficiency and overall turbine 
efficiency. 
ciency correspond to about three points in cycle effi- 
ciency. 
this makes 1 point in turbine efficiency equivalent to 
4 percent in net power output. 
compressor efficiency is comparable. 

* -  mance could be evaluated. The significance of comp- 

Note that three points in turbine effi- 

With cycle efficiencies in the 0 .25  range, 

The significance of 

Reference 5 describes the manner in which turbo- 

This approach was used in the 
machinery components may be selected for given oper- 
ating characteristics. 
subject programs. 
erence system is shown in figure 3. The radial turbo- 
compressor (fig. 3) employs components of 6-inch diam- 
eter. 

Turbomachinery designed for the ref- 

ANALYTICAL DESIGN TECI-INIQUES 

Design Geometry of Radial Turbines 

Radial turbines have performance and design fea- 
tures that make them suitable for a variety of appli- 
cations. Since the form of a radial turbine varies 
greatly for various applica'tions, it is desirable to 
have a correlation between the design features and tur- 
bine losses. The literature provides some of this in- 
formation. A further study of turbine losses as affect- 
ed by turbine geometry was made in order to facilitate 
the selection of such parameters as inlet- to exit- 
diameter ratio and stator angle, in optimum combination 
for any given' application. 

Specific speed has been used to characterize ax- 
ial and radial turbines according to application by 
relating speed, work, and flow. 
relation Ns = (N*)/(H3/4) 
relation that may be expanded to include a number of 
specific velocity diagram and geometry parameters. 
expanded equation may be expressed as follows: 

The usual form of the 
provides a rather gross 

Tbe 

This equation makes it clear that any given specific 
speed value can be achieved by an infinite number of  
conibinations of the aforementioned ratios and with a 
corresponding variety of efficiency levels. The prob- 
lem, therefore, is to find the combination at each 
specific speed that will result in maxinium efficiency. . 

bsses calculated in this analysis were in stator- 
blade-row boundary layers , rotor-passage bound- 
layers, blade-shroud clearance, disc windage, and exit 
velocity. Turbine performance was then calculated for 
a fixed-blade-tip critical velocity of 0.49 and for 
wide ranges of the following independent variables: 
stator-exit flow angle (520 to 840) , ratio of stator 
blade height to rotor tip diameter (0.007 to 0.408) , 
and rotor-exit to rotor-inlet diameter ratio (0.175 to 
0.6). These quantities result in a variety of  combin- 
ations of the variables listed in equation (1). Sev- I 

era1 assumptions concerning rotor reaction, tip- 
diameter ratio, and exit-hub to tip-diameter ratio, 

. 

and other items were required to define internal vel- 
ocities and limit the calculated configurations to 
reasonable geometric shapes. 

Results of the analysis were evaluated in terms of 
efficiency and specific speed, as shown in figure 4. 
The lower curve envelopes all the calculated combina- 
tions of the independent variables and is therefore 
the curve of maximum static efficiency for the specific 
efficiency for the specific speed range shown. 
might be noted that, in the intermediate specific 
speed range, static efficiency varied by as much as 
fifty points at a fixed value of specific speed. 

It 

The curve of total efficiency corresponds to the 
curve of  maximum static efficiency. 
ence between total and static efficiencies at high 
values of specific speed corresponds to turbine exit 
mach numbers up to 0.6. 
ciency is also the curve of optimum geometry. 
lated points on and near the curve were examined and 
plotted in terms of the geometric characteristics. 
One such plot is presented in figure 5, where optimum 
stator angle is shown as a function of specific speed. 
Optimum stator-exit flow angle shbws a continuous vari- 
ation with specific speed, ranging from 83O at a spec- 
ific speed of 20 down to 560 at a specific speed of 
174. 

The large differ- 

This curve of static effi- 
Calcu- 

Figure 6 shows sections of turbines with a geom- 
etry corresponding to the maxim static-efficiency 
cume at three values of specific speed. 
tip-diameter ratio was 0.4 f o r  all optimum configura- 
tions, while all other geometric characteristics'varied 
with specific speed. 

The exit-hub 

The distribution of calculated loss along the max- 
imum static-efficiency curve is shown in figure 7, 
which shows trends in internal flow with varying spec- 
ific speed. The lower values of specific speed re- 
flect low-volume f low rates relative to turbine size, 
so a l l  losses except exit velocity become larger to 
specific work as specific speed decrease. This re- 
sults from the increased area of the surfaces gener- 
ating losses relative to the flow area. large-volume 
flows at the high values of specific speed make the , 

exit loss predominant. 

Internal Velocity Calculations 

Quasi-three-dimensional methods have been devel- 
oped and used for analyzing flow through mixed-flow 
turbomachines. 
obtain a two-dimensional solution on an assumed mean 
stream surface between the blade (see fig. 8(b)). This 
two-dimensional solution is based on an equation for 
the velocPty gradient along the normal to the projec- 
tion of the streamlines on a plane containing the axis 
of rotation (fig. 9). This plane is called the merid- 
ional plane, and the projections of the streamlines 
are called meridional streamlines. The streamlines 
and their normals are used to establish a grid for a 
meridional-plane solution. 
between the ]nib and shroud is great and there is a 
large change in flow direction within the rotor, the 
normals vary considerably in length and direction dur- 
ing the course of the calculations. Therefore, it be- 
comes difficult to obtain a direct solution on the com- 
puter without resorting to intermediate graphical steps. 

The first step in these methods is to 

In cases where the distance 

The use of normals is not essential to the method, 
snd it is possible to obtain a direct solution by the 
use of a set of arbitrary curves from hub to shroud 
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instead of streamline normals (ref.  6). These arbi- 
t ra ry  curves are termed quasi-orthogonals. 
orthogonals are not necessarily orthogonal to each 
streamline but merely intersect every streamline once 
across the width o f  the passage. 
remain fixed regardless of any change of streamlines. 
By using t h i s  technique, it was possible t o  develop a 
computer program that calculates a streamline solution 
in  the meridional plane without any intermediate graph- 
i c a l  procedures even for  turbomachines with wide pas- 
sages and a change i n  direction from radial  t o  axial 
within the rotor blade. The basic idea used t o  obtain 
a meridional solution using quasi-orthogonals can be 
applied to  obtain a blade- lade solution (ref. 7) .  
In t h i s  case, the quasi-orthogonals run from blade-to 
blade on a stream surface determined by the meridional 
solution. 

The quasi- 
. 

The quasi-orthogonals 

.- 

* 

- 
, . 

The basic assumptions are  that there is steady 
relative flow, and that the flow is nonviscous and isen- 
tropic. 
suming a loss in  relative t o t a l  pressure that varies 
from zero a t  the i n l e t  t o  a maxim a t  the out le t  of 
the blade passage. 
blade surfaces are  shown in  figure 8(a) for  a straight 
blade turbine. 

To t h i s  a correction for  losses is m a d e  by as- 

Typical hub-to-shroud and blade-to- 

The i n i t i a l  assumption used is that the mean sur- 
face between the blades i s  a stream surface. With t h i s  
assumption, a two-dimensional meridional-plane solution 
can be obtained. This solution defines a blade-to- 
blade surface for  each meridional streamline, and then 
solutions are obtained on these surfaces, giving a vel- 
ocity distribution throughout the passage. 

The key t o  the method is the velocity gradient 
equation, which is an equation.for the directional der- 
ivative of the relative velocity along a given quasi- 
orthogonal on a surface (hub-to-shroud, blade-to-blade, 
or other). 
re la t ive velocity, and streamline geometry. To eval- 
uate the parameters involved, an i n i t i a l  streamline 
geometry must be established. For this ,  fixed curves 
between flow boundaries are  specified on the assumed 
stream surfaces, a t  several stations from i n l e t  t o  out- 
l e t  ( for  either a hub-to-shroud or a blade-to-blade 
stream surface). 
along which the velocity gradient equation w i l l  be in- 
tegrated. For an i n i t i a l  approximation t o  the stream- 
lines, each quasi-orthogonal can be divided into a num- 
ber of equal spaces. The quasi-orthogonals and i n i t i a l  
streamline assumptions are shown i n  figure 9 for  a hub- 
to-shroud stream surface of a radial  i n l e t  gas turbine 
with s p l i t t e r  blades. 
based on the fac t  that, for  a reasonable assumed stream- 
l ine  pattern, the geometrical streamline parameters in- 
volved are not too different from those of the f i n a l  
solution. Along any quasi-orthogonal, interpolation 
can be used t o  determine the Streamline spacing that 
w i l l  give equal weight flow between any two adjacent 
streamlines. 
orthogonal from i n l e t  to outlet ,  a new estimate f o r  the 
streamline Wttern is obtained, and the geometry param- 
e ters  in  the velocity gradient equation can be deter- 
mined more accurately. Repeating the process, one can 
obeain a solution for  the velocities along each quasi- 
orthogonal. The meridional streamline solution for  a 
radial  turbine is  shown in  figure 10. This solution is 
followed by a blade-to-blade analysis made at  hub, 
mean, and shroud streamlines with the use of the quasi- 
orthogonal techniques again. 

The velocity gradient is  a function of the 

These curves are the quasi-orthogonals 

The success o f  the method is 

, 

When t h i s  is  done for  every quasi- 

. 

Figure 11 shows the blade loading on main and 

s p l i t t e r  blades at  the hub, mean, and shroud obtained 
by t h i s  method for  a radial  inflow turbine. This type 
of anamis could be very useful a s  a design tool, 
since it p i n t s  out the location of possible flow sep- 
aration. Modifications can be made in  the geometry t o  
improve on the velocity distributions u n t i l  a good de- 
sign is evolved. 

Off-Design Performance Estimation 

Techniques for  the estimation of axial  performance 

Radial turbines may be 
The change in  

have been available for  mny years and have proven 
quite useful in  turbine design. 
examined in  the same general manner. 
radius through the machine, however, requires special 
consideration i n  the gap between s ta tor  and rotor and 
through the rotor. 
performance with a given set of reference-pint oper- 
at ing conditions is described in  reference 8. Loss 
coefficients were calculated t o  make the calculated per- 
formance agree with the reference efficiency and oper- 
ating conditions, and then these loss coefficients were 
used as constants over wide ranges of speed and pres- 
sure ratio.  
calculated curves of specific work as  a function of 
speed and pressure ratio.  
culation and experiment is shown. 
lations showed agreement within 4 percent a t  a l l  but 
the very low-pressure ratios,  which indicated the need 
for  a refinement i n  the estimation procedure. 
method described in  reference 8 assumed zero rotor- 
entrance loss when the relative inlet-velocity vector 
was radial. A modification is underway t o  ca lcqa te  t o  
an optimum relative-inlet-gas angle i n  a manner similar 
t o  that used for  the determination of the centrifugal 
compressor "s l ip  factor". Zero i n l e t  loss w i l l  then 
occur at  the optimum in le t  angle with incidence loss 
increasing with deviation f r o m  the optimum angle. This 
modification is expected t o  improve the accuracy of the 
off-design performance estimation 

A method for  estimating off-design 

Figure 12  shows experimental points and 

Good agreement between cal- 
Weight-flow calcu- 

The 

IZXF'ERlMEWI'AL INVESTIGATIONS 

Test Faci l i ty  

The apparatus used in  the performance evaluation, 
of the turbines t o  be discussed is  shown in  figure 13. 
Argon, from a high-pressure supply system, was heated, 
f i l tered,  and then passed through a mass-flow measur- 
ing s ta t ion that consisted of a calibrated f la t -plate  
orifice. A pressure control valve upstream of the tur- 
bine regulated the turbine-inlet pressure. 
fixed inlet pressure, a remotely controlled valve in 
the low-pressure exhaust l ine  was used t o  maintain the 
desired pressure ra t io  across the turbine. The power 
output of the turbine was absorbed and the speed con- 
t rol led by an air-brake dynamometer that was cradle 
mounted on a i r  bearings for  torque measurement. 

Description of Research Turbines 

With a 

A photograph of the radial  compressor-drive tur- 
bine rotor and scroll-stator assembly is presented i n  
figure 14. 
blades and 11 s p l i t t e r  blades. These s p l i t t e r  blades 
extend over approximately one-third the length of the 
blade f r o m  the leading edge and thereby decrease the 
blade loading i n  that region and prevent low velocit ies 
on the pressure surface at the hub. 
bly consists of 14 stator  blades, one of which has an 
extended leading edge portion to  block the flow from 
entering the small end of the scro l l  and prevent re- 
circulation of the working fluid.  A 0,762-scale version 

The 6.02-inch-tip-diameter rotor has 11 

The s ta tor  assem- 
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of t h i s  turbine, 4.59-inch-tip diameter, was also test- I 

ed ana the results reported i n  reference 9. 
it was intended that the 4.59-inch-tip-diameter turbine 
be geometrically s i m i l a r  t o  the 6.02-inch turbine, some I 

differences existed i n  the t e s t  units. One of these 
differences was the shroud-clearance values, which 

and exducer-radi - as a percentage 
cent, respective 

* responding axial  
6.02-inch turbin 

follow the one-fifth p w e r  law for turbulent boundary 
layer losses. Although However, the relation can be approxi- 

. 

-- could have an effect  on performance. The r o t  

' 1Y. 
bines and the empirical curve where A = 0.4 and B = 
0.6 for  the reference Reynolds number of 225 000. This 
then indicates that 60 percent of the turbine losses 
are associated with turbulent boundary layer losses and 
40 percent with the other losses. 

meet of Specific Speed 03 Performance of A 

Performance Evaluation 

The attainment of high turbine performance is dem- 
onstrated by the results of the experimental cold-ar 
investigation of the 6.02-inch radial turbine as re- 
ported in  reference 10. %tal and s t a t i c  eff ic ienci  
are shown in  figure 15 as a function of blade-jet speed 
ratio.  This data was obtained in cold tests a t  a 
Reynolds number Re = (w/wt) of 225 000 which is ap- 
proximately 3.5 times higher than the design value of 
63 700 for  hot operation a t  design speed and pressure 
ratio.  
ciencies of 0.90 and 0.84 were obtained a t  the design 
blade-jet speed ra t io  of 0.697. I I specific speeds. One was t o  design and fabricate an 

I 

1 Turbine 

Reference 13 presents the resul ts  of an experimen- 
tal investigation of the specific speed effect  on per- 
formance f o r  a particular turbineasize with the rotor 
t i p  clearance and Reynolds number held constant. Two 
approaches were considered t o  achieve the range of 

I optimized s ta tor  and rotor configuration for  each spec- 
i f i c  speed point, and the other was t o  use several 

The figure shows that t o t a l  and s t a t i c  effi- 

Since the design Reyno r of ; 
under consideration are in  the range where performance 
may deteriorate with a decrease i n  Reynolds number, 
the 6.02-inch and the scaled 4.59-inch turbines were 
investigated over a range of Reynolds nuniber. 
of these investigations are  reported in  references 11 
and 12. 
equivalent design speed and pressure ra t io  is shown 
in  figure 16 for  both turbines. 

Results 

Efficiency as  a function of Reynolds number at 

This figure, there- 
07 changed in Reynolds 

for the range 
conrpared. 

which they are 

stators with one rotor configuration. 
proach was chosen because it would minimize the t i m e  
and cost of the program; however, less than optimum tur-  
bine configurations resulted, especially a t  the ex- 
tremes of the specific speed range. 

The second ap- 

The 4.59-inch turbine, described previously, w a s  
chosen as the research turbine. 
speed for  this k b i n e  is 95.6. 
tors with throat areas nominally 50, 75, and 125 per- 

specific speed in- 

se four config- 

The design specific 
Three additional sta- 

the four s ta tors  and the 

a specific speed range of 68 t o  107 a t  
esign speed and pressure ratio.  

of equivalent ' 

weight f l o w  e i t h  s ta tor  throat area at  equivalent de- 
sign speed and pressure ratio.  Equivalent weight flow 

rcentage of the experimental value 
0-percent configuration. The 

Line  shown i n  the figure represents the case 
ivalent weight flow is direct ly  proportional 
throat area. Comparison of the experimental 

with the ideal case shows that the weight flow 
r rate than the rate of area in- 
ates that the stator-exit s t a t i c  t o  
e ra t io  increased with increasing 
and, therefore, rotor reaction in- 

showa the variation of total and static 
specific speed for  a l l  four configur- 

ations investigated, 
variation of efficiency with specific speed a t  the de- 
sign blade-jet speed ra t io  of 0.697. 
ef'ficimcy value of 0.91was obtained at  a specific 
s p e d  of approximately 86. 
curve of the design blade-jet speed ra t io  (dashed l ine)  

The heavy curve shown i n  

The dashed line represents the 

The highest to ta l -  

It may be noted that the 

ugh the peak efficiency point for  a l l  but 

represents the envelope of the efficiency 
a l l  configurations. This cupve shows that 

cent configuration. 



maximum t o t a l  efficiency is obtained in  the specific 
speed range of about 80 t o  90. 

The highest static-efficiency value of  0.87 was 
also obtained at  a specific speed of approximately 86. 
The lowest peak s t a t i c  efficiency of 0.77 was  obtained 
a t  a specific speed of 111. It should be pointed out, 
however, tha t  par t  of  t h i s  decrease i n  s t a t i c  efficien- 
cy resul ts  from using the same rotor  with each stator. 
Since the 125-percent configuration passes the largest  
volume flow of the four configurations, the  rotor-exit 
kinet ic  energy would be expected t o  be higher for  t h i s  
configuration. 

SUMMARY 

A Brayton cycle technology program has been under- 
way at  the L e w i s  Research Center since 1962. Major 
areas o f  e f for t  include cycle studies, system operation 
studies, and component investigations. Work i n  tw- 
bines has included analytical and experimental investi- 
gations of rad ia l  and ax ia l  machines. Analytical exam- 
inations have been made of radial-turbine design geom- 
etry, calculation of  internal gas velocities, and the 
estimation of off-design performance. Computer pro- 
grams written for  these analyses have been developed 
and are  available to  the public. 

Small radial  turbines have demonstrated high effi- 
ciencies, 85 t o  90 percent, over a large Reynolds num- 
ber range. 
efficiency can be adequately expressed i n  a simple re- 
la t ion relat ing turbine loss t o  Reynolds number raised 
t o  a fractional power. Investigations of turbine s ize  
were inconclusive because of dispar i t ies  i n  re la t ive 
blade-shroud clearances i n  the models tested. 

The effect  of Reynolds number on turbine 

Analytical treatments fo r  rad ia l  turbines have 
been developed i n  the areas of design geometry selec- 
tion, calculation of internal gas velocities, and off- 
design performance estimation. 

1. 

2. 

3. 

4. 

5. 

6. 
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Figure 1. - Schematic diagram of solar Brayton cycle system. Argon 
used as working fluid. 
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Figure 3. - Schematic diagram of radial turbocompressor. 
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Figure 5. - Variation in optimum stator exit angle with specific speed. 
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Figure 8. -Typical stream surfaces in  a straight bladed turbine.  
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Figure 9. - Hub-shroud profile of rotor in numerical  example. 
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Figure 10. - Hub-shroud profi le w i t h  streamlines used for blade-to-b!ade 
ana I ys i s. 
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Figure 11. - Blade velocity distribution for numerical example. 
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F igure 12. - Var ia t ion of equivalent specific work w i th  pres- 
s u r e  ratio. 
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Figure 13. - Test apparatus. 
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Figure 15. - Variation in efficiency wi th blade-jet speed ratio-6.02- 

inch turbine. 
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Figure 17. - Comparison of loss ratio as function of Reynolds 
number at equivalent design speed and pressure ratio. 
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Figure 18. - Turbine rotor and fou r  stators. 
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sure ratio. (Based on measured throat area of 
100-percent stator. 1 4.59-i nch turbine. 
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